A low cost, robust Attitude Determination System with good accuracy for small satellites can be designed by using a combination of magnetometer and Coarse Sun Sensor. The Coarse Sun Sensor consists of solar cells placed on each of the six outside surfaces of the satellite.
INTRODUCTION
The attitude control system is an important satellite sub-system. On one hand it must achieve certain accuracy. On the other hand it must be very robust to ensure the mission success. Furthermore it is desired to be equipped with low-cost hardware.
One very reliable and simple possibility is the combination of a magnetometer and a Coarse Sun Sensor (CSS). This will provide two vectors, and hence a full 3-axis attitude determination.
Using the cosine law, the total light vector, having contributions from both Sun light as well as Earth albedo, is obtained. In order to get the right vector a measurement model of the albedo must be included.
ALBEDO MODEL

Reflectivity Model
In order to simulate the Coarse Sun Sensor a model for the light reflected by Earth is needed. As a first step reflectivity data from existing measurements is analyzed. The data is taken from the NASA project Total Ozone Mapping Spectrometer and has to be adapted to visible light before use [3] . When plotted the data shows Earth's reflectivity From these plots a pattern could be recognized. It was obvious that the light reflected by Earth had a large dependency on the latitude, but only a small on longitude. Figure (1) shows an example of the reflectivity of Earth as a function of its latitude. It can be seen that the reflectivity has a maximum in the polar regions where the deviations are smallest. For smaller latitudes the reflectivity decreases and the deviations increase, respectively. From the data averages and standard deviations are derived for each latitude. The reflectivity model is created by randomizing new reflectivities based on these averages and deviations for each latitude. The data is merged in order to generate a statistic model of the whole surface of the Earth.
Albedo Model
The randomized reflectivity is used to create polynomials describing the light received by the satellite for an arbitrary location in its orbit. To achieve this, a shell describing a grid of satellite locations at a certain altitude, is created. At every location the light reflected by Earth is calculated and split up into three components, North, East and Down [NED] . This is done several times to create a statistical model with averages and standard deviations for all three components. From these recordings six polynomials are created using curve fitting to the averages and deviations respectively. Figure ( 2) describes the down component of the light vector recorded during the simulations. The intensity on the z-axis is normalized w.r.t the solar intensity.
The polynomials describe the intensity of the incoming light as a function of the satellite's latitude and longitude at certain altitude.
KALMAN FILTER FOR ATTITUDE DETERMINATION
To work properly the Kalman Filter needs information about the system dynamics and its partial derivatives with respect to the state vector [2] . The state vector is composed of the rotation rates and the quaternions describing the spacecrafts attitude w.r.t. the inertial frame. The filter also includes a measurement model that describes the expected measurements in every moment. 
Attitude Dynamics Model
The equations of motion for a rigid body are used to describe the motion of the satellite. The external torques taken into account are those from the gravity gradient, magnetic and aerodynamic drag and solar pressure.
RESULTS
Sensor Simulation
To test the performance of the filter, several simulations have to be made. Measurements have to be simulated as input to the filter. The magnetic field vector is computed by a function based on the IGRF model. The model is distorted by white noise with a 200 nT amplitude run through a low pass filter to simulate the local and tidal changes [1] . Another white noise with amplitude 2 nT is added to simulate measurement noise. The received light is composed of one part coming from the sun, and another part that has been reflected by Earth. The latter part is created using the polynomials for the mean light vector as a base. A random number with a position dependant standard deviation is added. This number is derived from those polynomials of the albedo model describing the uncertainty of the reflected light. The result is put through a low pass filter to simulate the low frequencies at which the albedo measurements can be assumed to change. The light vectors are added and split up into six non-negative scalars representing the solar cells on all sides of the satellite. To these scalars a white, unfiltered noise with amplitude 0.5% of the measured intensity is added before they are given to the filter as measurements. This reflects the electronics noise.
Scenario Definition
The orbit has an inclination of 30 degrees and its normal is perpendicular to the Sun vector. The Sun is assumed to be located in the equatorial plane. An orbit radius of 7000 km is used. The simulation is started at zero latitude on the illuminated side of Earth. The satellite is of cubic form with a side length of 1 m and a mass of 300 kg. The moment of inertia matrix is fully occupied.
The initial state is assumed not to be known. That means, the initial quaternions of the filter is pointing in the wrong direction and the rotation rates are much smaller than the real ones. The external forces influencing the satellite in the simulations are those described in section 3.1. Two parameter errors have been introduced, one of the moment of inertia components has been increased by 5 %, and the satellites position differs up to 1 degree in latitude and longitude.
Filter Performance
Figure (3) shows some results from the simulation. The angular deviation over a three orbit simulation is shown. From the plot some conclusions can be made. The filter performs good during the illuminated phase but as the satellite enters the Earth shadow, represented by the shaded stripes, the filter can only use the magnetic field vector as measurement and it will therefore be more sensitive to dynamic disturbances. Despite the quite large disturbances assumed the filter stays stable and converges immediately as it exits the Earth's shadow.
Figure (4) shows the initial phase after the start of the algorithms of the same simulation described above. The filter converges quickly. The use of a dynamic measurement covariance matrix enables a short transient time as well as a stable and accurate steady state phase. The transient time is shortened down to less than 10 seconds. The filter converges and is stable when started in the illuminated phase, and is kept stable during the shadow phase. In a worst case scenario the steady state attitude error can be held below 1.5 degrees with the assumed disturbances when the satellite is illuminated. When the satellite enters the Earth's shadow the errors may be larger but with the assumed noises the error can still be kept below 2 degrees.
